1. Introduction {#sec1}
===============

Acute respiratory distress syndrome (ARDS) is a devastating clinical condition characterized by refractory hypoxemia, respiratory distress, and non-cardiogenic pulmonary edema \[[@bib1]\]. Despite significant advances in our understanding and management of ARDS, treatment options for ARDS remain limited to enable substantial improvement in survival; and the mortality rate is over 40% in the United States \[[@bib2],[@bib3]\]. A key pathological feature of ARDS is the disruption of lung endothelial barrier integrity \[[@bib4], [@bib5], [@bib6], [@bib7]\]. The endothelium is a monolayer that lines the luminal surface of the vasculature and provides a semipermeable barrier between circulating blood and underlying tissues. In ARDS, a disrupted endothelial barrier due to exuberant inflammatory responses leads to increased pulmonary vascular permeability to circulating fluids, macromolecules, and leukocytes, resulting in alveolar flooding and neutrophil influx \[[@bib8]\], contributing to the high mortality of ARDS. Accordingly, targeting endothelial barrier integrity may represent a valuable strategy for development of novel therapeutics for ARDS.

Oxidative stress has been shown to play a major role in the progression of ARDS \[[@bib9], [@bib10], [@bib11], [@bib12], [@bib13]\]. Low levels of ROS serve as vital signaling molecules under physiological conditions \[[@bib14]\]. During ARDS however, the production of ROS is increased to result in leakage of fluids, and penetration of neutrophils and lymphocytes from pulmonary blood vessels, as well as exacerbation of pulmonary inflammation and development of edema \[[@bib9]\]. NADPH oxidase (NOX) family of proteins represent the primary enzymatic sources of ROS during cardiovascular pathogenesis, which provoke oxidative inactivation of NO and consequent uncoupling of eNOS, leading to sustained oxidative stress \[[@bib15]\]. Four of the NOX isoforms, NOX1, NOX2, NOX4 and NOX5 are expressed in endothelial cells \[[@bib15]\], while NOX5 is absent in rodents and cannot be studied in mice \[[@bib16]\]. Additionally, as the only membrane-bound subunit, p22phox is necessary for the stability and activation of NOX1, NOX2 and NOX4 \[[@bib15],[@bib17]\]. Phosphorylation and membrane translocation of the cytosolic subunit p47phox is required for assembly and activation of NOX1 and NOX2 \[[@bib15],[@bib18],[@bib19]\]. However, roles and mechanisms of NOX isoforms in ARDS/ALI remain unclear.

Ca^2+^/calmodulin-dependent protein kinase II (CaMKII) is a ubiquitous kinase that is activated by an elevation in intracellular Ca^2+^ \[[@bib20]\]. CaMKII is also redox-sensitive and can be activated by increased levels of ROS \[[@bib21],[@bib22]\]. ROS-dependent phosphorylation increases CaMKII sensitivity to calcium \[[@bib23]\]. Endothelial barrier dysfunction associated with ARDS has been shown to be at least in part attributed to CaMKII activation \[[@bib21],[@bib24]\]. Activation of CaMKII leads to hyperphosphorylation of the downstream ERK1/2/MLCK pathway \[[@bib21],[@bib24]\], which in turn induces contraction of the peri-junctional actomyosin ring to cause assembly and disassembly of the actin cytoskeleton and disruption of intercellular junctions \[[@bib25], [@bib26], [@bib27]\]. Adjacent endothelial cells are connected by intercellular junctions, including tight junctions, adherens junctions, and gap junctions \[[@bib28],[@bib29]\]. Tight junctions and adherens junctions are formed by transmembrane proteins which construct a zig-zag mosaic along the interendothelial cell border, serving as a blood vessel barrier, while gap junctions are responsible for intercellular communication \[[@bib30]\]. In endothelial cells, tight junctions consist of Occludin and claudins which interact with intracellular zonula occludins (ZOs, including ZO-1, ZO-2, and ZO-3) \[[@bib27]\], and function to seal the intercellular space to maintain vascular homeostasis \[[@bib27]\]. Among tight junctions, Occludin is a primary transmembrane protein, while ZO-1 provides a direct linkage between the actin cytoskeleton and the transmembrane proteins. Since the cytoplasmic junction proteins directly interact with the cytoskeleton, the contraction of the actomyosin ring thereby provides force for disruption of intercellular junctions, therefore inducing endothelial barrier dysfunction.

In the present study, Cecal Ligation Puncture (CLP) was used to induce septic ALI in wild-type (WT) mice and mice deficient in NOX2 or p47phox, or mice transfected with control siRNA, NOX1 or NOX4 siRNAs in vivo. We aimed to define the potential specific roles and mechanisms of NOX isoforms and their regulatory subunits in CLP-induced lung EC barrier dysfunction and disease outcome during ALI. We found that inhibition of NOX4, rather than reductions in activities of NOX1, NOX2, or p47phox, significantly improved survival and markedly attenuated vascular leakage and lung edema. NOX4 knockdown alleviated CLP-induced oxidative stress, down-regulated redox-sensitive CaMKII/ERK1/2/MLCK phosphorylation, and preserved expression of endothelial cell tight junction proteins ZO-1 and Occudin, therefore protecting against pulmonary hyperpermeability. Correspondingly, NOX4 knockdown in cultured human lung microvascular endothelial cells also reduced LPS-induced ROS production, CaMKII/ERK1/2/MLCK activation and barrier dysfunction. Scavenging superoxide *in vitro* and *in vivo* with TEMPO, or inhibiting CaMKII activation with KN93, preserved EC barrier integrity, which is consistent with the effects of NOX4 knockdown. These data demonstrate a novel, selective and causal role of NOX4 in inducing EC barrier dysfunction to result in lung injury/mortality in a preclinical model of CLP-induced sepsis. Targeting NOX4 may therefore represent a novel therapeutic strategy for the treatment of ALI/ARDS.

2. Methods {#sec2}
==========

2.1. Animal studies {#sec2.1}
-------------------

Eight to ten weeks old male C57BL/6 mice were obtained from Charles River Laboratory (Beijing, China). NOX2-null and p47phox-null founder mice were originally purchased from Jackson Laboratory (Bar Harbor, Maine, strain 002365 and 004742, respectively). Mice were bred and maintained under specific pathogen--free conditions. All mice were randomly assigned to experimental animal groups. The use of animals and experimental procedures were approved by the Institutional Animal Care and Usage Committee at the China-Japan Friendship Hospital.

2.2. CLP model and tissue collection {#sec2.2}
------------------------------------

Mice were fasted, with only free access to water for 12 h prior to surgery. Subsequently, mice were anesthetized with 5% isoflurane and maintained at 2 L/min air flow using Gas Anesthesia Systems (Shanghai Yuyan Instruments Co.Ltd., Shanghai, China). Skin was disinfected and a 1 cm incision was made in the middle of the abdomen, allowing the cecum to be exposed; and a 4-0 braided silk suture was passed through the midpoint between the colon root and cecum terminal to ligate the cecum. A 21-gauge needle was inserted into the ligated cecum and a small drop of the intestinal content was squeezed out to induce infection. Finally, the cecum was repositioned and the incision was closed. For the sham group, the abdomen was opened, and then the incision was closed. Except for survival curve analyses, mice were harvested 16 h later; 50 μl heparin was injected into the right ventricle and 1 ml Krebs/HEPES buffer (KHB: 99 mmol/L NaCl; 4.7 mmol/L KCl; 1.2 mmol/L MgSO4; 1.0 mmol/L KH2PO4; 2.5 mmol/L CaCl2; 25 mmol/L NaHCO3; 5.6 mmol/L [d]{.smallcaps}-glucose; 20 mmol/L NaHEPES) was then injected into right ventricle to flush pulmonary vessels. The lungs were rapidly removed, rinsed in ice-cold KHB and cleaned of connective tissue on ice, and injected of KHB via pulmonary artery. The left lobe of the lung was fixed in 10% formalin for subsequent histological analyses. The right upper lobe of the lung was embedded in optimum cutting temperature compound (OCT), immediately frozen at -20 °C and sectioned at 5 μm for dihydroethidium (DHE) fluorescent imaging determination of ROS production, or immunofluorescent staining of ZO-1 and Occludin. Other lung lobes were frozen at -80 °C and homogenized for Western blotting analyses.

2.3. RNA interference of NOX1 and NOX4 in vivo {#sec2.3}
----------------------------------------------

The control small interfering RNA (siRNA) (Cat\#: D-001210-01-50) and the siRNA specifically designed to silence NOX1 or NOX4 expression in vivo were obtained from Dharmacon (Chicago, IL, USA). The sequences used to target NOX1 and NOX4 were as the followings as we previously published \[[@bib31]\]: NOX1: GCUGGUGGCUGGUGACGAAUU. NOX4: CAUGCUGCUGCUGUUGCAUGUUUCA. For in vivo RNA interference, siRNA was prepared in cationic liposome-based Invivofectamine 3.0 Reagent (Cat\#: IVF3005, Invitrogen, Grand Island, NY, USA). In brief, 50 μl siRNA at 2.4 mg/ml in DNase/RNase-free water was mixed with 50 μl complexation buffer, and then mixed with 100 μl Invivofectamine 3.0 Reagent. The diluted siRNA solution was vortexed immediately and incubated at 50 °C for 30 min. The transfection mixture was then diluted 6-fold with 1 ml PBS, and then in vivo delivered into mice through tail vein injection at final concentration of 1 mg/kg body weight. Mice were injected once every 48 h and CLP model was started 24 h after the first injection.

2.4. Survival analysis {#sec2.4}
----------------------

For survival curve analysis, mice were observed for survival status every 30 min 12 h after CLP surgery, to record the natural death time after initiation of the CLP. The survival curve was analyzed and presented as Kaplan-Meier plot \[[@bib31],[@bib32]\] using Prism software.

2.5. Lung histology and lung injury score {#sec2.5}
-----------------------------------------

Lung tissues fixed in 10% formalin were dehydrated, paraffin embedded, sectioned, and stained with hematoxylin and eosin (H&E) for histological analyses. Severity of lung injury was scored using a semiquantitative scoring system as described previously \[[@bib33]\]. Inflammation (red arrows), edema (blue arrows), hemorrhage (black arrows), and alveolar septal thickening (green arrows) were each scored on a 0- to 4-point scale: Inflammation was assessed by counting the total number of inflammatory cells/×100 field; 5--7 random fields were counted per slide. Edema and hemorrhage were categorized as the followings: absent (score = 0), mild (\<10% alveoli involved; score = 1), moderate (10--30% alveoli involved; score = 2), severe (10--30% alveoli involved; score = 3), or very severe (\>50% alveoli involved; score = 4). Alveolar septal thickening was measured and categorized as the followings: photographs taken at 400x magnification were used to measure the vertical distance at the thickest part of the alveolar septum, divided by 400 to get the thickness of alveolar septum into the following categories; absent (thickness of alveolar septum\<15 μm; score = 0), mild (thickness of alveolar septum in 15--30 μm; score = 1), moderate (thickness of alveolar septum in 30--45 μm; score = 2), severe (thickness of alveolar septum in 45--60 μm; score = 3), or very severe (thickness of alveolar septum\>60 μm; score = 4). Inflammation, edema, hemorrhage, and alveolar septal thickening scores for each group were averaged, and the final score represents the overall assessment from all four injury parameters.

2.6. Lung Evans Blue index {#sec2.6}
--------------------------

To measure endothelial permeability in the lung, Evans Blue dye extravasation assay was performed as previously described \[[@bib34]\]. In brief, Evans Blue was injected into mice via tail vein and allowed to circulate for 30 min. At harvest, intravascular Evans Blue was washed by KHB perfusion from the right ventricle for 2 min. Mouse lungs were then excised, weighed, homogenized in 1 ml KHB, and placed in 2 ml formamide at 60°C overnight. Evans Blue concentration in supernatants was quantified spectrophotometrically at 620 nm.

2.7. Lung wet-to-dry weight ratio {#sec2.7}
---------------------------------

The lung wet-to-dry weight ratio was used as an index of pulmonary edema that is reflective of severity of increased endothelial permeability and lung injury. Lung tissues were weighed immediately after removal (wet weight), and then placed into a 60°C oven for 48 h. The dried lung was re-weighed again (dry weight). The ratio of the lung weight before and after drying (wet/dry) was calculated.

2.8. Western blotting {#sec2.8}
---------------------

Lung tissues were powderized in liquid nitrogen before lysis with lysis buffer (50 mmol/l Tris pH 7.4, 2 mmol/l EDTA, 1 mmol/l EGTA) containing 1% Triton X-100, 0.1% sodium dodecyl sulphate (SDS), 50 mmol/l NaF, 10 mmol/l Na~4~P~2~O~7~, 1 mmol/l Na~3~VO~4~, 1 mmol/l dithiothreitol (DTT), 1 mmol/l phenylmethylfonyl-sulfonyl fluoride (PMSF) and 10 μl/ml protease inhibitor cocktail (Sigma-Aldrich) \[[@bib34]\]. Forty microgram proteins were separated in 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes (Millipore Corp, billerica, MA, USA). After 1 h blocking in PBST (PBS with 0.1% Tween-20) containing 5% (w/v) non-fat dry milk, the membranes were incubated with primary antibodies for NOX1 (1:200, Cat\#: SC-5821, Santa Cruz Biotechnology Inc, Santa Cruz, CA), NOX2 (1:200, Cat\#: SC-130543, Santa Cruz Biotechnology Inc, Santa Cruz, CA), NOX4 (1:500, Cat\#: NB110-58849, Novus Biologicals, Littleton, CO, USA), ZO-1 (1:1,000, Cat\#: 61--7300, Invitrogen, Carlsbad, CA, USA), Occludin (1:1,000, Cat\#: 33--1500, Invitrogen, Carlsbad, CA, USA), p-CaMKII (1:200, Cat\#: SC-32289, Santa Cruz Biotechnology Inc, Santa Cruz, CA), CaMKII (1:200, Cat\#: SC-5306, Santa Cruz Biotechnology Inc, Santa Cruz, CA), p-ERK1/2 (1:1000, Cat\#: 4370, Cell Signaling, Danvers, MA, USA), ERK1/2 (1:1000, Cat\#: 4695, Cell Signaling Technology, Danvers, MA, USA), p-MLCK (1:1000, Cat\#: 44-1085G, Invitrogen, Carlsbad, CA, USA), MLCK (1:1000, Cat\#: PA5-15176, Invitrogen, Carlsbad, CA, USA) or β-actin (1:3,000, Cat\#: ab8227, Abcam, Cambridge, UK) at 4°C overnight, and subsequently with peroxidase-conjugated secondary antibodies for 1 h at room temperature. Proteins were then visualized using electrochemiluminescence reagents (Cat\#: WBKLS0100, Millipore Corp, Billerica, MA, USA) and quantified using the NIH Image J software.

2.9. DHE determination of ROS production {#sec2.9}
----------------------------------------

Freshly prepared lung OCT sections were incubated with freshly prepared dihydroethidium (DHE) (2 μmol/L) (Cat\#: D7008, Sigma-Aldrich, St. Louis, MO, USA) in the dark for 30 min at room temperature. After washing three times with KHB, a cover slip was placed on the section, and fluorescent images were captured using a Nikon A1R Confocal Microscope (Tokyo, Japan).

2.10. Immunohistochemical analyses {#sec2.10}
----------------------------------

Formalin-fixed, paraffin-embedded tissue sections were dewaxed, hydrated, heated for 10 min, and treated with 3% H~2~O~2~ for 30 min, and then incubated with normal goat serum for 60 min. Sections were incubated with rabbit anti-ZO-1 antibody (1:200) or mouse anti-Occludin antibody (1:100) at 4°C overnight. After washing, the sections were incubated with biotin-labeled goat anti-rabbit/mouse secondary antibody (Cat\#: ZLI9019, Zhongshan Company, Beijing) for 60 min at 37°C. The color reaction was developed by diaminobenzidine reagent (Cat\#: ZLI9019, Zhongshan Company, Beijing). Slides were counterstained with hematoxylin, and a cover slip was placed on slides before imaging with an Olympus BX53 microscope (Olympus, Japan).

2.11. Immunofluorescent analyses {#sec2.11}
--------------------------------

Freshly prepared lung OCT sections were incubated with 0.2% Triton X-100 in PBS for 15 min followed by 5% bovine serum albumin for 30 min at room temperature. The slides were then incubated with rabbit anti-ZO-1 antibody (1:200) and mouse anti-Occludin antibody (1:100) respectively at 4°C overnight. After washing, the slides were incubated with FITC-labeled goat anti-rabbit or goat anti-mouse secondary antibody respectively for 60 min at room temperature. Slides were counterstained with DAPI, cover-slipped, and fluorescent images captured using a Nikon A1R Confocal Microscope (Tokyo, Japan).

2.12. Cell culture and NOX4 siRNA transfection *in vitro* {#sec2.12}
---------------------------------------------------------

Primary human pulmonary microvascular endothelial cells (HPMECs) were purchased from Lonza (Walkersville, MD, USA) and cultured in full media (EGM-2 media from LONZA with 5% fetal bovine serum and growth factors) in a humidified incubator at 37°C with 5% CO~2~. Cells were seeded into six-well plates, grown to 95% confluence, and transfected with human NOX4 siRNA (Cat\#: SC-41586, Santa Cruz) or negative control siRNA (Cat\#: SC-37007, Santa Cruz) using the transfection reagent Lipofectamine RNAiMAX (Cat\#: 13778030, Invitrogen) following the manufacturer\'s instructions. In brief, 10 μl siRNA at 20 μmol/L in DNase/RNase-free water and 10 μl Lipofectamine RNAiMAX reagent were mixed with 200 μl Opti-MEM medium (Invitrogen, Carlsbad, CA, USA); and the mixture incubated at room temperature for 5 min. The siRNA transfection reagent mixture was then used to treat cells (final concentration for siRNA: 40 nmol/L). Western blotting was used to examine efficacies of NOX4 siRNA transfection on silencing NOX4 protein expression in HPMECs.

2.13. Measurement of transendothelial electrical resistance {#sec2.13}
-----------------------------------------------------------

Transendothelial electrical resistance (TEER) measurements were performed by electric cell substrate impedance sensing system (ECIS) (Applied Biophysics, Troy, NY, USA). Human pulmonary microvascular endothelial cells (HPMECs) were grown as a confluent monolayer in ECIS array plates coated with 0.1% gelatin. Cells were then transfected with NOX4 siRNA (final concentration at 40 nmol/L) for 24 h as described above, and then treated with 1 μg/ml LPS (Cat\# L3024, Sigma-Millipore, St Louis, MO, USA). TEER values were obtained every 3 min for 8 h after LPS treatment as an automatically recorded resistance (TEER = R~TEER~×M~area~ (cm^2^), R~TEER~ represents the monolayer cell resistance). The relative TEER values were calculated by dividing actual TEER values at each time point by the initial TEER values.

2.14. Statistical analysis {#sec2.14}
--------------------------

All statistical analyses were performed using the Prism software. All data are presented as Mean±SEM. Student\'s *t*-test was used to compare means between two groups, while ANOVA was used to compare multiple groups with a Bonferroni\'s post hoc test. The significance value is set at p less than 0.05.

3. Results {#sec3}
==========

3.1. NOX4 knockdown markedly improves survival and attenuates acute lung injury in CLP-induced septic mice {#sec3.1}
----------------------------------------------------------------------------------------------------------

To examine potential differential roles of NOX isoforms in controlling survival outcomes in CLP-induced septic mice, survival curves were analyzed by calculating numbers of survived mice in different groups up to 24 h post CLP. Control siRNA transfection did not affect the survival of CLP-induced mice. In CLP-induced control siRNA treated and WT mice, the survival rates were at 26.6% and 28.6% respectively at 24 h (vs. 100% in sham-operated mice) ([Fig. 1](#fig1){ref-type="fig"}A); *In vivo* silencing of NOX4 with RNAi substantially improved survival rate in septic mice (52.9% vs. 26.6% for NOX4 siRNA vs. control siRNA transfected mice), whereas mice lacking NOX2 or p47phox had worse outcomes after CLP, with survival rates at 0% and 8.3% respectively at 24 h. In addition, NOX1 knockdown in mice had no effects on survival rate (30% vs. 26.6% for NOX1 siRNA vs. control siRNA transfected mice) ([Fig. 1](#fig1){ref-type="fig"}A).Fig. 1**NOX4 knockdown markedly improves survival and attenuates acute lung injury in CLP-induced septic mice**. Sepsis was induced by cecal ligation and puncture (CLP) in wild-type (WT) mice and mice deficient in NOX2 or p47phox, or mice transfected of control siRNA, NOX1 or NOX4 siRNA. Natural death time was recorded by observation every 30 min starting 12 h after CLP, and the death time was presented as a Kaplan-Meier plot using the Prism software, and log-rank test was used to compare survival between groups. Other mice were harvested at 16 h post CLP and lung tissues harvested for analyses of histomorphology, Evans Blue index and wet-to-dry weight ratio were used to assess severity of acute lung injury. **(A)** Survival curves in sham group, CLP groups treated with control siRNA, NOX1 or NOX4 siRNA, CLP WT group and CLP groups made in NOX2 or p47phox knockout mice. \*\*p \< 0.01, ^\#\#^p \< 0.01. **(B)** Representative images of H&E staining of lung tissue sections and semiquantitative histological scores of lung injury in experimental groups described in panel A. H&E stainings indicate signs of inflammation (red arrows), edema (blue arrows), hemorrhage (black arrows), and alveolar septal thickening (green arrows) from the cross sections of the lung. Bar = 100 μm. Data are presented as Mean±SEM, n = 5. \*\*p \< 0.01 vs. CLP group. **(C**--**D)** Lung wet-to-dry weight ratio and Evans Blue index were determined in experimental groups as described in panel A. Data are presented as Mean±SEM, n = 5. \*p \< 0.05, \*\*p \< 0.01 vs. control siRNA transfected CLP group. Data indicate NOX4 knockdown in CLP mice is selectively and robustly effective in improving survival and attenuating acute lung injury. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

Alveolar flooding and neutrophil influx due to increased pulmonary vascular permeability contribute to high mortality in ALI/ARDS. To examine the potential roles of NOX isoforms in pulmonary vascular hyperpermeability, we examined pathophysiological phenotypes of septic mouse lungs in CLP-stimulated WT mice/control siRNA transfected mice, and mice deficient in NOX isoforms. At 16 h after CLP, control siRNA transfected/WT mice showed a substantial increase in lung vascular leakiness characterized by edema, alveolar and interstitial hemorrhage, alveolar septal thickening, as well as inflammatory cell infiltration, which were completely abrogated in NOX4 knockdown mice (but not in NOX1 knockdown, NOX2 knockout, or p47phox knockout mice) ([Fig. 1](#fig1){ref-type="fig"}B).

The lung wet-to-dry ratio in CLP-induced control siRNA transfected/WT mice was increased dramatically compared to the sham group ([Fig. 1](#fig1){ref-type="fig"}C), which was accompanied by an increase in Evans Blue leakage ([Fig. 1](#fig1){ref-type="fig"}D). RNAi knockdown of NOX4 substantially reduced lung wet-to-dry ratio, and prevented Evans Blue leakage in CLP-induced ALI mice. Whereas, NOX1 knockdown, NOX2 knockout, or p47phox knockout had no effects on the lung wet-to-dry ratio or the Evans Blue leakage in CLP-induced ALI mice ([Fig. 1](#fig1){ref-type="fig"}C--D). These results indicate that pulmonary hyperpermeability during sepsis induced ALI is mediated by activation of NOX4 rather than other NOX isoforms.

3.2. NOX4 knockdown reduces superoxide production and p22phox expression in CLP-induced septic mice {#sec3.2}
---------------------------------------------------------------------------------------------------

NOX-derived ROS induce endothelial dysfunction to contribute to cardiovascular pathogenesis \[[@bib15]\]. We assessed ROS production using DHE fluorescent imaging in CLP-treated control siRNA transfected/WT mice, and mice deficient in specific NOX isoforms. The stained tissue sections showed a strong red fluorescence produced from DHE oxidization by superoxide under conditions of sepsis. NOX4 knockdown markedly attenuated increased DHE fluorescent signals in response to sepsis. However, NOX1 knockdown, NOX2 knockout, or p47phox knockout had no effects on DHE fluorescent intensities under septic condition ([Fig. 2](#fig2){ref-type="fig"}A).Fig. 2**NOX4 knockdown decreases ROS production in CLP-induced septic mice**. Sepsis was induced by CLP in wild-type (WT) mice and mice deficient in NOX2 or p47phox, or mice transfected of control siRNA, NOX1 or NOX4 siRNA. Mouse lung tissues were freshly harvested at 16 h post CLP for DHE fluorescent imaging, or at 1, 2, 4, 6 h post CLP for Western blotting analyses. **(A)**: Representative images of DHE fluorescent imaging of lung tissue sections in sham group, CLP groups treated with control siRNA, NOX1 or NOX4 siRNA, CLP WT group and CLP groups made in NOX2 or p47phox knockout mice. Freshly prepared lung OCT sections were incubated with DHE (2 μmol/L) in the dark for 30 min, and fluorescent images were captured using a Nikon A1R Confocal Microscope. Photographs were taken at ×200 magnification. Data are presented as Mean±SEM. n = 10. \*\*p \< 0.01 vs. CLP group. **(B)** Representative Western blots and quantitative data of NOX1, NOX2, NOX4 and p22phox protein expression in mice at 1, 2, 4, 6 h post CLP. Data are presented as Mean±SEM; n = 3. \*p \< 0.05, \*\*p \< 0.01 vs. 0 h group. **(C)** Representative Western blots and quantitative data of NOX1, NOX2, NOX4, and p22phox expression in lung tissues of control siRNA or NOX1 siRNA treated mice with or without CLP for 2 h, indicating that NOX1 siRNA attenuated the expression of NOX1, while having no effects on the expression of NOX2, NOX4, and p22phox. Data are presented as Mean±SEM; n = 3. \*\*p \< 0.01. **(D)** Representative Western blots and quantitative data of NOX1, NOX2, NOX4, and p22phox expression in lung tissues of WT and NOX2 knockout mice with or without CLP for 2 h, indicating that NOX2 knockout had absence of NOX2 but upregulated expression of NOX4 and p22phox. Data are presented as Mean±SEM; n = 3. \*\*p \< 0.01. **(E)** Representative Western blots and quantitative data of NOX1, NOX2, NOX4, and p22phox in lung tissues of control siRNA or NOX4 siRNA treated mice with or without CLP for 2 h, indicating that NOX4 siRNA attenuated the expression of NOX4 and p22phox, while having no effect on the protein expression of NOX1 and NOX2. Data are presented as Mean±SEM; n = 3. \*\*p \< 0.01. **(F)** Representative Western blots and quantitative data of p47phox and p22phox in lung tissues of WT or p47phox knockout mice with or without CLP for 2 h, indicating that p47phox knockout had absence of p47phox but upregulated expression of p22phox. Data are presented as Mean±SEM; n = 3. \*p \< 0.05.Fig. 2

We further examined protein expression of NOX1, NOX2 and NOX4 in CLP mice. Of note, NOX4 protein expression was rapidly and persistently unregulated by CLP, starting at 1 h and lasted through 4 h ([Fig. 2](#fig2){ref-type="fig"}B). In contrast, NOX1 upregulation was delayed and transient, occurring at 2 h post CLP and lasted for less than 2 h, and the magnitude of upregulation was lower than NOX4 (2.4-fold vs. 3.9-fold for NOX1 upregulation vs. NOX4 upregulation at 2 h). Of note, NOX2 was upregulated at 2 h post CLP, and the magnitude of upregulation was also lower than NOX4 (2.2-fold vs. 3.9-fold for NOX2 upregulation vs. NOX4 upregulation at 2 h).

Each NOX isoform is composed of one catalytic subunit and other regulatory subunits, except for NOX5, which is not expressed in rodents. As the only membrane bound subunit that is required for activation of NOX isoforms, p22phox contributes to stability and activation of NOX1, NOX2, NOX3 (only in fetal tissue and the inner ear), and NOX4 \[[@bib15]\]. Therefore, we further examined protein expression of p22phox in CLP-induced septic mice. Results indicate that p22phox protein expression was significantly increased as early as 1 h after CLP ([Fig. 2](#fig2){ref-type="fig"}B), coinciding with the time point of initial upregulation of NOX4.

As shown in [Fig. 2](#fig2){ref-type="fig"}C--F, protein expression of NOX1, NOX2, NOX4 or p47phox in the lung tissues was effectively attenuated by specific knockout or RNAi-based knockdown. *In vivo* RNAi attenuated NOX1 or NOX4 expression while NOX2 and p47phox knockout mice showed no expression of target proteins ([Fig. 2](#fig2){ref-type="fig"}C--F). We also examined the effects of NOX1, NOX2, NOX4 or p47phox knockdown/knockout on expression of other NOX isoforms to examine potential compensatory responses. Results show that NOX1 knockdown had no effect on the expression of NOX2 and NOX4, nor on the expression of p22phox ([Fig. 2](#fig2){ref-type="fig"}C), while NOX4 knockdown significantly reduced protein abundance of p22phox although it had no effects on the protein levels of NOX1 and NOX2 ([Fig. 2](#fig2){ref-type="fig"}E). The abrogated p22phox expression may additionally contribute to the beneficial effects of NOX4 knockdown. However, NOX2 knockout led to increased expression of NOX4, and p22phox, and this response may in part explain the exaggerated injury in NOX2 knockout mice ([Fig. 2](#fig2){ref-type="fig"}D). Likewise, p47phox knockout mice also had upregulated p22phox expression ([Fig. 2](#fig2){ref-type="fig"}F).

3.3. NOX4 knockdown prevents CLP-induced pulmonary hyperpermeability via CaMKII/ERK1/2/MLCK pathway inactivation {#sec3.3}
----------------------------------------------------------------------------------------------------------------

CaM Kinase II is redox-sensitive and a known mediator of endothelial barrier dysfunction in sepsis-induced ALI by activation of ERK1/2/MLCK pathway \[[@bib21]\]. Therefore, we next examined roles of CaMKII activation and its downstream effectors in NOX4-mediated pulmonary hyperpermeability. Interestingly, CaMKII Thr-286 phosphorylation was significantly increased 1 h and 2 h after CLP ([Fig. 3](#fig3){ref-type="fig"}A), which is consistent with rapid upregulation in NOX4 protein expression ([Fig. 2](#fig2){ref-type="fig"}B). The increased phosphorylation of CaMKII was significantly inhibited by NOX4 knockdown ([Fig. 3](#fig3){ref-type="fig"}B), while phosphorylation of ERK1/2 and MLCK, downstream targets of CaMKII, were also increased by CLP but inhibited by NOX4 knockdown ([Fig. 3](#fig3){ref-type="fig"}B).Fig. 3**NOX4 knockdown prevents CLP-induced pulmonary hyperpermeability via CaMKII/ERK1/2/MLCK pathway inactivation**. Sepsis was induced by CLP in mice transfected of control siRNA or NOX4 siRNA. Mouse lung tissues were harvested at 1, 2, 4, 6 h post CLP for Western blotting analyses. In parallel experiments, septic mice were pretreated with either KN93 (0.05 mg/day/mouse) or KN92 (0.05 mg/day/mouse) for 1 week before exposure to CLP for 16 h to examine effects of KN93 on pulmonary hyperpermeability in CLP-treated mice. **(A)**: Representative Western blots and quantitative data of CaMKII phosphorylation in mouse lung tissues at 1, 2, 4, 6 h post CLP. Data are presented as Mean±SEM; n = 3. \*p \< 0.05, \*\*p \< 0.01 vs. 0 h group. **(B)**: Representative Western blots and quantitative data of CaMKII, ERK1/2, and MLCK phosphorylation in sham mice or CLP treated mice transfected of control siRNA or NOX4 siRNA. Results indicate NOX4 knowdown markedly attenuated phosphorylation of CaMKII, ERK1/2 and MLCK. Data are presented as Mean±SEM; n = 3. \*\*p \< 0.01 vs. Control-CLP group. **(C)**: Representative fluorescent images of DHE detection of ROS production in CLP mice with saline or KN92/KN93 treatment, indicating the upstream production of superoxide was not affected by CaMKII inhibition KN93. Data are presented as Mean±SEM; n = 3. **(D)**: Representative Western blots and quantitative data of p-CaMKII expression in sham mice, or CLP treated mice pretreated with KN92 or KN93. Results indicate KN93 inhibition of CaMKII phosphorylation. Data are presented as Mean±SEM; n = 3. \*\*p \< 0.01. **(E**--**F)**: Lung wet-to-dry weight ratio and Evans Blue index were determined in PBS or KN92/KN93 treated CLP mice, indicating attenuation of pulmonary hyperpermeability by KN93 treatment in vivo. Data are presented as Mean±SEM, n = 5. \*\*p \< 0.01 vs. CLP group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 3

As the downstream pathway, blocking of CaMKII is anticipated to correspondingly alleviate NOX4-mediated pulmonary hyperpermeability. Therefore, we next examined whether KN93, a selective inhibitor for CaMKII, could abolish CLP-induced pulmonary hyperpermeability. Mice were treated with either KN93 (0.05 mg/day/mouse) or KN92 (the inactive derivative of KN93, 0.05 mg/day/mouse) for 1 week prior to CLP surgery. Of note, the upstream production of superoxide by DHE imaging was not affected by CaMKII inhibition ([Fig. 3](#fig3){ref-type="fig"}C). The increased CaMKII phosphorylation was however effectively abrogated by KN93 treatment ([Fig. 3](#fig3){ref-type="fig"}D). As shown in [Fig. 3](#fig3){ref-type="fig"}E and F, the increased lung wet-to-dry ratio and Evans Blue index were all attenuated in KN93 treated CLP mice, which are consistent to the effects of NOX4 knockdown. The negative control compound KN92 however had no effects on any of responses ([Fig. 3](#fig3){ref-type="fig"}E--F). These data demonstrate that CaMKII/ERK1/2/MLCK pathway is involved in NOX4-mediated pulmonary hyperpermeability in CLP-induced sepsis.

3.4. NOX4 knockdown preserves expression of endothelial tight junction proteins ZO-1 and Occludin in CLP-induced septic mice {#sec3.4}
----------------------------------------------------------------------------------------------------------------------------

To explore endothelial barrier function in CLP-induced septic mouse lungs, we examined expression of tight junction proteins ZO-1 and Occludin in CLP treated mice. As shown in [Fig. 4](#fig4){ref-type="fig"}A, protein expression of ZO-1 and Occludin was markedly downregulated after CLP, while NOX4 knockdown significantly restored protein abundance of ZO-1 and Occludin ([Fig. 4](#fig4){ref-type="fig"}A). Immunohistochemistry ([Fig. 4](#fig4){ref-type="fig"}B) and immunofluorescence ([Fig. 4](#fig4){ref-type="fig"}C) analyses were used to further verify the results of Western blotting in [Fig. 4](#fig4){ref-type="fig"}A, and the results consistently demonstrate a remarkab restoration of ZO-1 and Occludin expression by NOX4 knockdown. These results indicate a causal role of NOX4 in inducing tight junction protein deficiency in CLP mice.Fig. 4**NOX4 knockdown preserves expression of endothelial tight junction proteins ZO-1 and Occludin in CLP-induced septic mice**. Sepsis was induced by CLP in mice transfected of control siRNA or NOX4 siRNA. Mouse lung tissues were harvested at 16 h post CLP for Western blotting, immunohistochemical or immunofluorescent analyses. **(A)**: Representative Western blots and quantitative data of Occludin and ZO-1 protein expression in sham mice or CLP treated mice transfected of control siRNA or NOX4 siRNA. Data are presented as Mean±SEM; n = 3; \*\*p \< 0.01 vs. CLP group. **(B)**: Representative immunohistochemical staining images of Occludin and ZO-1 in lung paraffin sections. Dark brown dots indicate positively stained cells. Morphometric analysis of immunostained area for each protein in relation to total area was performed quantitatively using Image-Pro Plus software. Scale bars: 100 μm. Data are presented as Mean±SEM. n = 3. \*p \< 0.05, \*\*p \< 0.01 vs. control siRNA transfected CLP group. **(C)**: Representative immunofluorescent staining images of Occludin and ZO-1 in lung OCT sections. Cryosections of lung were stained for Occludin (green), ZO-1 (red) and DAPI (blue). The fluorescent images were captured using a Nikon A1R confocal microscope. Densities of Occludin and ZO-1 fluorescence were quantified using the Image J software. Scale bars: 50 μm. Data are presented as Mean±SEM; n = 3. \*p \< 0.05, \*\*p \< 0.01 vs. Control siRNA transfected CLP group. Results from A-C indicate that NOX4 knockdown markedly reversed CLP-induced deficiencies in ZO-1 and Occludin expression. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 4

3.5. Pharmacological scavenging of ROS by TEMPO displayed similar effects with NOX4 knockdown in protection against pulmonary hyperpermeability in CLP-induced septic mice {#sec3.5}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Mice were pretreated with TEMPO (100 mg/kg), a membrane-permeable superoxide scavenger, for 1 h prior to CLP to evaluate whether scavenging ROS displays similar effects with NOX4 knockdown in protection against pulmonary hyperpermeability. As shown in [Fig. 5](#fig5){ref-type="fig"}A, CLP significantly increased DHE fluorescent intensity in lung tissue sections, which was substantially attenuated by TEMPO treatment. In addition, CLP increased lung wet-to-dry ratio and Evans Blue index, all of which were markedly abrogated by treatment with TEMPO ([Fig. 5](#fig5){ref-type="fig"}B--C). Therefore, these data indicate that TEMPO scavenging of superoxide exerts similar protective effects on ALI as NOX4 knockdown did.Fig. 5**Pharmacological scavenging of ROS by TEMPO displayed similar effects with NOX4 knockdown in protection against pulmonary hyperpermeability in CLP-induced septic mice**. Mice were treated with TEMPO (superoxide scavenger; 100 mg/kg) or PBS for 1 h prior to induction of sepsis with CLP in mice transfected of control siRNA or NOX4 siRNA. Mice were harvested at 16 h post CLP and lung tissues harvested for DHE fluorescent imaging, lung wet-to-dry weight ratio and Evans Blue index to assess effects of TEMPO on severity of acute lung injury. **(A)**: Representative DHE fluorescent images of superoxide production in CLP mice with or without TEMPO treatment/ Data indicate that TEMPO substantially attenuated CLP induced increase in ROS production. Photographs were taken at ×200 magnification. Data are presented as Mean±SEM; n = 10. \*\*p \< 0.01 vs. CLP group. **(B--C)**: Lung wet-to-dry weight ratio and Evans Blue index were determined in PBS or TEMPO treated CLP mice Data indicate that TEMPO treatment markedly attenuated acute lung injury in CLP mice in vivo. Data are presented as Mean±SEM, n = 5. \*\*p \< 0.01 vs. CLP group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 5

3.6. NOX4 knockdown attenuates LPS-induced endothelial permeability via CaMKII/ERK1/2/MLCK pathway inactivation {#sec3.6}
---------------------------------------------------------------------------------------------------------------

Endothelial barrier dysfunction is a key pathological feature of ALI, inhibition of which can prevent disease progression. We next evaluated whether NOX4 knockdown in cultured human pulmonary microvascular endothelial cells (HPMECs) could similarly reverse LPS induced endothelial barrier dysfunction. As shown in [Fig. 6](#fig6){ref-type="fig"}A, NOX4 siRNA transfection effectively attenuated NOX4 protein abundance in HPMECs. We next examined effects of NOX4 knockdown on barrier function in HPMECs by monitoring changes in Transendothelial Electrical Resistance (TEER) values using an electrical cell substrate impedance sensing system (ECIS) for 8 h after LPS (1 μg/ml) treatment of endothelial cells. The ECIS is an established impedance-based cell-monitoring platform to measure endothelial cell monolayer integrity and permeability \[[@bib35]\]. Of note, LPS exposure induced decreased TEER values in HPMECs, which was significantly reversed by NOX4 siRNA ([Fig. 6](#fig6){ref-type="fig"}B), indicating a protective effect on barrier integrity of NOX4 inhibition.Fig. 6**NOX4 knockdown attenuates LPS-induced endothelial permeability via CaMKII/ERK1/2/MLCK pathway inactivation**. Sepsis was mimicked *in vitro* by LPS (1 μg/ml) stimulation in HPMECs pre-transfected with control siRNA or NOX4 siRNA. **(A)**: Representative Western blots and quantitative data of NOX4 protein expression in HPMECs transfected with control siRNA or NOX4 siRNA, indicating that NOX4 siRNA transfection effectively attenuated NOX4 protein abundance. Data are presented as Mean±SEM. n = 3. \*\*p \< 0.01. **(B)**: Changes in TEER values in real time following LPS treatment up to 8 h. Data indicate that NOX4 knockdown substantially alleviated LPS induced decrease in TEER values in HPMECs. Data are presented as Mean±SEM. n = 6--9, \*\*p \< 0.01 vs. control siRNA transfected LPS group. **(C)**: Representative images of DHE staining of HPMECs in control group or LPS treated groups transfected with control siRNA or NOX4 siRNA, indicating that NOX4 knockdown completely abrogated ROS production in response to LPS treatment. Cells were incubated with DHE (2 μM) in the dark for 30 min, and fluorescent images were captured using a Nikon A1R Confocal Microscope. Photographs were taken at ×200 magnification. Data are presented as Mean±SEM. n = 3. \*\*p \< 0.01 vs. control siRNA transfected LPS group. **(D)**: Representative Western blots and qualitative data of CaMKII phosphorylation in HPMECs following LPS challenge, indicating a time-dependent increase. Data are presented as Mean±SEM. n = 3. \*\*p \< 0.01 vs. 0 h group. **(E)**: Representative Western blots and quantitative data of CaMKII, ERK1/2, and MLCK phosphorylation in control or LPS (1 μg/ml) treated HPMECs transfected of control siRNA or NOX4 siRNA. Results indicate that NOX4 knockdown inactivated CaMKII/ERK1/2/MLCK pathway in LPS-treated HPMECs. Data are presented as Mean±SEM; n = 3. \*p \< 0.05, \*\*p \< 0.01 vs. control siRNA transfected LPS group. Results in F--H indicate that pharmacological inhibition of CaMKII is protective endothelial barrier dysfunction in LPS treated HPMECs. Cells were incubated with either KN93 (1 μmol/L) or KN92 (1 μmol/L) for 24 h and then exposed to LPS (1 μg/ml) for 2 h. **(F)**: Representative fluorescent images of DHE detection of ROS production in LPS treated HPMECs with KN92 or KN93 treatment. Data indicate that the upstream production of superoxide was not affected by CaMKII inhibition KN93. Data are presented as Mean±SEM; n = 3. **(G)**: Representative Western blots and quantitative data of p-CaMKII expression in control HPMECs, or LPS stimulated HPMECs pre-treated with KN92 or KN93. KN93 attenuated CaMKII phosphorylation while KN92 had no effects. Data are presented as Mean±SEM; n = 3. \*\*p \< 0.01 vs. LPS group. **(H)**: Changes in TEER values in real time in LPS-stimulated HPMECs pre-treated with KN92 or KN93. Data indicate that KN93 treatment markedly preserved TEER values in LPS-treated HMPECs. Data are presented as Mean±SEM. n = 6--9, \*\*p \< 0.01 vs. LPS group. **(I)**: Representative Western blots and quantitative data of Occludin and ZO-1 expression in control HPMECs or LPS (1 μg/ml) stimulated HPMECs transfected with control siRNA or NOX4 siRNA. Data are presented as Means±SEM. n = 3. \*\*p \< 0.01 *vs.* LPS group. **(J)**: Representative immunofluorescent analysis of ZO-1 expression in control HPMECs or LPS (1 μg/ml) stimulated HPMECs transfected with control siRNA or NOX4 siRNA. Cells were grown on a glass chamber slid to confluence and then challenged with LPS (1 μg/ml) for 6 h. Immunofluorescent staining of ZO-1 (red), and nuclei (blue) was imaged by a Nikon A1R Confocal microscope. Scale bars: 100 μm. Data are presented as Means±SEM. n = 3. \*\*p \< 0.01 vs. LPS group. Results in (I--J) indicate that NOX4 knockdown preserved protein abundance of Occudin and ZO-1 following LPS stimulation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 6

Considering the critical role of ROS in LPS-induced increases in endothelial permeability, DHE imaging for determination of superoxide production was performed in HPMECs with or without NOX4 knockdown. Of note, NOX4 knockdown abolished ROS production in response to LPS treatment ([Fig. 6](#fig6){ref-type="fig"}C).

We next examined the activities of CaMKII/ERK1/2/MLCK pathway in LPS-treated HPMECs. Results indicate that LPS increased phosphorylation of CaMKII at Thr-286 in a time-dependent manner ([Fig. 6](#fig6){ref-type="fig"}D). The upregulated phosphorylation of CaMKII was inhibited by NOX4 siRNA ([Fig. 6](#fig6){ref-type="fig"}E), as was phosphorylation of the downstream effectors, ERK1/2 and MLCK ([Fig. 6](#fig6){ref-type="fig"}E).

To evaluate whether inhibition of CaMKII is effective in alleviating NOX4-mediated endothelial cell barrier dysfunction in HPMECs, we next assessed whether KN93, a selective inhibitor of CaMKII, could abolish LPS-induced endothelial hyperpermeability. Of note, the upstream production of superoxide detected by DHE imaging was not affected by CaMKII inhibition ([Fig. 6](#fig6){ref-type="fig"}F), whereas LPS-induced increases in CaMKII was substantially attenuated by KN93 treatment ([Fig. 6](#fig6){ref-type="fig"}G). As shown in [Fig. 6](#fig6){ref-type="fig"}H, TEER values were significantly decreased in LPS-treated HPMECs, while KN93 treatment significantly alleviated this response. These data indicate that CaMKII inhibition protects against LPS-induced endothelial barrier dysfunction in HPMECs.

We next examined potential effects of NOX4 knockdown on the expression of tight junction proteins ZO-1 and Occludin in LPS-treated HPMECs. Consistent to in vivo findings, protein expression of ZO-1 and Occludin was significantly downregulated in LPS treated cells, while NOX4 knockdown restored the protein abundance of ZO-1 and Occludin ([Fig. 6](#fig6){ref-type="fig"}I). In addition, immunofluorescent staining also showed that NOX4 knockdown significantly reversed LPS-induced reductions in ZO-1 protein abundance ([Fig. 6](#fig6){ref-type="fig"}J). These data demonstrate that CaMKII/ERK1/2/MLCK pathway is involved in NOX4-dependentbarrier dysfunction in LPS-treated HPMECs.

3.7. Pharmacological scavenging of ROS by TEMPO displayed similar effects with NOX4 knockdown in protection against LPS-induced barrier dysfunction in HPMECs {#sec3.7}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

To examine whether LPS induced endothelial barrier dysfunction in HPMECs is mediated by increased ROS production, cells were pretreated with TEMPO (0.1 mmol/L) for 1 h prior to LPS treatment. As shown in [Fig. 7](#fig7){ref-type="fig"}A, LPS significantly elevated DHE fluorescent intensity in endothelial cells indicating increased ROS production, which was however substantially attenuated by TEMPO treatment. Further, we assessed the effects of TEMPO on LPS-induced endothelial barrier dysfunction by measuring TEER values using the ECIS system. As shown in [Fig. 7](#fig7){ref-type="fig"}B, LPS markedly increased endothelial permeability and reduced TEER value, which was substantially alleviated by TEMPO treatment. These results indicate that scavenging ROS with TEMPO has similar effects with NOX4 knockdown in HPMECs in protecting against endothelial barrier dysfunction.Fig. 7**Pharmacological scavenging of ROS by TEMPO displayed similar effects with NOX4 knockdown in protection against LPS-induced barrier dysfunction in HPMECs**. HPMECs were transfected with control siRNA or NOX4 siRNA, and then treated with TEMPO (0.1 mmo/L) for 1 h prior to LPS (1 μg/ml) stimulation. Cells were incubated in ECIS for real time monitoring of changes in TEER values up to 8 h, or harvested at 2 h post LPS for DHE fluorescent imaging of ROS production. **(A)**: Representative DHE fluorescent images of superoxide production in LPS treated HPMECs with or without TEMPO treatment. Data indicate that TEMPO substantially attenuated LPS induced ROS production. Photographs were taken at ×200 magnification. Data are presented as Mean±SEM; n = 5. \*\*p \< 0.01 vs. LPS group. **(B)**: Changes in TEER values after TEMPO treatment in LPS exposed HPMECs. Data indicate that TEMPO treatment markedly abrogated LPS induced decline in TEER values. Data are presented as Means±SEM. n = 6--9. \*\*p \< 0.01 vs. LPS group.Fig. 7

4. Discussion {#sec4}
=============

In the present study, we examined potential critical roles of NOX isoforms in mediating pulmonary endothelial barrier dysfunction to result in lung injuries and death in response to CLP-induced sepsis. Our work identifies a novel pathway, exclusive to NOX4 but not other NOX isoforms, in mediating endothelial cell barrier dysfunction and lung hyperpermeability during preclinical ALI/ARDS. NOX4-mediated injury occurs via production of ROS, redox-sensitive activation of CaMKII/ERK1/2/MLCK pathway, and consequent loss in tight junction proteins, ZO1 and Occludin. Targeting NOX4, scavenging superoxide radicals, or inhibiting CaMKII activation can block this pathway and relieve endothelial barrier dysfunction and lung injuries in CLP mice. These new findings are illustrated in [Fig. 8](#fig8){ref-type="fig"}.Fig. 8**Targeting NOX4 alleviates sepsis-induced acute lung injury via attenuation of redox-sensitive activation of CaMKII/ERK1/2/MLCK and endothelial cell barrier dysfunction**. During ALI/ARDS, activation of NOX4, rather than other NOX isoforms, produces ROS and redox-sensitively activates CaMKII/ERK1/2/MLCK pathway to result in endothelial cell tight junction deficiency and barrier dysfunction, leading to acute lung injury and death in CLP-induced septic mice. RNAi inhibition of NOX4, scavenging superoxide radicals, or pharmacological inhibition of CaMKII can block this pathway and relieve endothelial cell barrier dysfunction and lung injuries in CLP mice. Targeting NOX4 may therefore prove to an innovative therapeutic option that is markedly effective in treating ALI/ARDS.Fig. 8

NOX4-dependent activation of CaMKII/ERK1/2/MLCK pathway led to vascular leakage characterized by increased lung wet-to-dry ratio and Evans Blue index in ALI. In vivo RNAi knockdown of NOX4, rather than genetic ablation of NOX1, NOX2 or p47phox, substantially improved survival, which was accompanied by reversed lung injuries characterized by edema, hemorrhage, alveolar septal thickening, and inflammatory cell infiltration. NOX4 knockdown in vivo alleviated sepsis-induced oxidative stress, attenuated redox-sensitive activation of CaMKII/ERK1/2/MLCK pathway, and restored protein expression of endothelial cell tight junction ZO-1 and Occludin, resulting protection against endothelial barrier dysfunction, lung injuries and mortality. Scavenging superoxide with TEMPO, or inhibiting CaMKII activation with KN93, exerted similar results as NOX4 knockdown. In addition, NOX4 knockdown in HPMECs restored endothelial barrier function via inactivation of redox-sensitive CaMKII/ERK1/2/MLCK pathway. These data clearly indicate that targeting NOX4 may prove effective in treating CLP-induced ALI by attenuating redox-sensitive activation of CaMKII/ERK1/2/MLCK pathway to preserve EC barrier function.

Accumulating evidence has shown that different NOX isoforms have differential roles in the pathogenesis of different cardiometabolic diseases \[[@bib15]\]. For instance, NOX1 has been shown to mediate diabetic endothelial dysfunction, and endothelial cell ROS production in response to atherogenic oscillatory shear stress \[[@bib18],[@bib36],[@bib37]\]. On the contrary, NOX4 plays a critical role in cardiac ischemia-reperfusion injury \[[@bib38]\]. However, both NOX1 and NOX2 were found involved in Ang II induced hypertension \[[@bib39],[@bib40]\]. Nonetheless, roles of NOX isoforms in the pathogenesis of respiratory diseases are less studied or fully understood. The current study identified a novel and selective role of NOX4 in the endothelial cell responses to severe inflammatory activations in a preclinical model of CLP-induced ALI. Results indicate that inhibition of NOX4, rather than that of NOX1, NOX2 or p47phox, substantially improved survival of the CLP-treated mice and reduced lung injuries. It has been recognized that endothelial barrier dysfunction plays a major role in ALI/ARDS \[[@bib4], [@bib5], [@bib6], [@bib7]\]. In this study, we found that siRNA knockdown of NOX4 markedly abrogated lung wet-to-dry ratio, and Evans Blue index in CLP-induced septic mice. These data demonstrate that NOX4, rather than NOX1 or NOX2, plays a critical role in mediating sepsis-induced pulmonary hyperpermeability to mediate lung injuries in a CLP-induced ALI model. Of note, p47phox knockout mice had similar phenotype as of NOX1 knockdown or NOX2 knockout mice in failing to protect against CLP-induced septic ALI. This is consistent with the notion that p47phox is involved in activating both NOX1 and NOX2 isoforms \[[@bib18]\].

Increased ROS generation in lung endothelial cells during ALI has been shown to play a major role in inducing loss of barrier integrity \[[@bib11],[@bib15]\]. ROS participate in the modulation of cell-signaling pathways which activate key transcription factors, such as NF-κB, resulting in further deterioration of inflammatory responses \[[@bib41]\]. In the present study, we assessed ROS production using DHE fluorescent imaging in CLP-stimulated control siRNA treated/WT mice and mice deficient in NOX isoforms. Results indicate that CLP rapidly increased ROS production in the mouse lung, which was substantially abrogated by in vivo RNAi mediated NOX4 knockdown. Whereas NOX1 knockdown, NOX2 knockout, or p47phox knockout had no effects on ROS production in CLP-treated mouse lungs. *In vitro* studies consistently showed that NOX4 knockdown significantly attenuated LPS-induced increase in ROS production in HPMECs. Of note, whereas RNAi based NOX1 and NOX4 knockdown had no effects on the expression of other NOX isoforms in mouse lung tissues, NOX2 knockout led to increased expression of NOX4 and p22phox under CLP condition, which may at least in part explain that NOX2 knockout had aggravated oxidative stress and lung injury (0% survival rate vs. 28.6% in WT control mice). Likewise, p47phox knockout in CLP treated mice also resulted in upregulation of p22phox, and displayed worse survival rate and lung injury (8.3% survival rate vs 28.6% in WT control mice). In line with our results, it was shown that p47phox or NOX2 knockout leads to compensatory upregulation of NOX4 in cigarette smoke exposed mouse lung \[[@bib42]\]. In the present study, we observed a co-inhibition of p22phox with NOX4 knockdown, which may additionally contribute to the beneficial effects of NOX4 knockdown.

CaM Kinase II is redox-sensitively activated to mediate microvascular barrier dysfunction via ERK1/2/MLCK pathway \[[@bib21],[@bib22],[@bib24]\]. Phosphorylation at Thr-286 in the autoinhibitory domain of CaMKII prevents re-association of the kinase domain to result in persistent CaMKII activation \[[@bib21],[@bib22],[@bib24]\]. In our study, we found a significant increase in CaMKII Thr-286 phosphorylation in CLP mice and LPS-stimulated endothelial cells, which can be inhibited by NOX4 knockdown. ERK1/2 and MLCK \[[@bib24],[@bib43], [@bib44], [@bib45], [@bib46]\], downstream effectors of CaMKII, also exhibited increased phosphorylation in CLP mice and LPS-stimulated endothelial cells, which were significantly abrogated by NOX4 knockdown and the pharmacological inhibitor of CaMKII, KN93. Therefore, phosphorylation-dependent activation of CaMKII and its downstream effectors underlies NOX4-dependent modulation of lung permeability. We believe that this role of redox-sensitive activation of CaMKII/ERK1/2/MLCK pathway is selective to NOX4 activation, as only specific knockdown of NOX4 was able to improve survival and reverse lung injuries that are subsequent to CaMKII/ERK1/2/MLCK-dependent induction of EC barrier dysfunction.

Tight junctions between HPMECs help to form the barrier to keep normal barrier function. Tight junctions are intercellular structures that prevent the passage of molecules through the paracellular spaces \[[@bib47],[@bib48]\]. They are composed of transmembrane proteins such as Occludin, claudins, tricellulin and other junction adhesion molecules (JAM), as well as cytoplasmic proteins such as ZOs, including ZO-1, ZO-2, ZO-3, which ultimately bind to the actin fibers of the cytoskeleton \[[@bib47],[@bib48]\]. Importantly, preclinical studies have shown that tight junctions can be altered by the activation of different protein kinases, such as Ras homolog gene family member A (RhoA) \[[@bib27]\], mitogen-activated protein kinase (MAPK) \[[@bib27]\], as well as CaM Kinase II (CaMKII) \[[@bib49]\]. In the present study, protein abundance of ZO-1 and Occludin was found markedly downregulated in CLP-treated mouse lungs, which was significantly alleviated by NOX4 knockdown. Moreover, NOX4 knockdown in HPMECs markedly reversed LPS-induced reduction in ZO-1 and Occludin protein expression. These results indicate that the injurious role of NOX4 activation in ALI is mediated by tight junction protein deficiency.

To compare the efficacies of a superoxide scavenger TEMPO to the effects of NOX4 knockdown, CLP mice and LPS-treated HPMECs were also administered with TEMPO *in vivo* and *in vitro*. Results indicate that CLP treatment significantly increased lung wet-to-dry ratio and the Evans Blue index, which were markedly attenuated by TEMPO. *In vitro* results also indicate that TEMPO treatment effectively alleviated enhanced endothelial permeability assessed by reduced TEER values. These results indicate the beneficial effects of NOX4 knockdown is mimicked by TEMPO scavenging of ROS production.

In conclusion, our data for the first time reveal a novel, selective and causal role of NOX4 activation in mediating EC barrier dysfunction, lung injuries and mortality in a preclinical model of CLP-induced sepsis, as well as in mediating LPS-induced EC barrier dysfunction in LPS-treated HPMECs. The beneficial effects of NOX4 inhibition are mediated by attenuation of redox-sensitive activation of the CaMKII/ERK1/2/MLCK pathway, and restoration of endothelial tight junction proteins ZO-1 and Occudin. In contrast, inhibition of NOX1 or NOX2 was not effective in protecting against septic ALI in CLP mice. These findings indicate that targeting NOX4 and its downstream signaling pathways may prove to be an innovative therapeutic strategy for the treatment of ALI/ARDS.
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